In order to study an intrinsic chemical potential jump between the hole-and electron-doped high-Tc superconductors, we have performed core-level X-ray photoemission spectroscopy (XPS) measurements of Y0.38La0.62Ba1.74La0.26Cu3Oy (YLBLCO), into which one can dope both holes and electrons with maintaining the same crystal structure. Unlike the case between the hole-doped system La2−xSrxCuO4 and the electron-doped system Nd2−xCexCuO4, we have estimated the true chemical potential jump between the hole-and electron-doped YLBLCO to be ∼0.8 eV, which is much smaller than the optical gaps of 1.4-1.7 eV reported for the parent insulating compounds. We attribute the reduced jump to the indirect nature of the charge-excitation gap as well as to the polaronic nature of the doped carriers.
In condensed matter physics, chemical potential is one of the most fundamental properties and plays many important roles. For an insulator, the chemical potential is considered to show a jump between hole doping and electron doping. In a conventional intrinsic semiconductor (or band insulator), the chemical potential should be positioned at the midpoint between the conductionband minimum (CBM) and the valence-band maximum (VBM). When a small number of holes (electrons) are doped into the intrinsic semiconductor, the chemical potential should move to the VBM (CBM) or to an impurity level formed in the vicinity of the VBM (CBM). This leads to a chemical potential jump of the magnitude nearly equal to the band gap of the undoped semiconductor. In a Mott insulator, however, the situation is far from clear. For light hole or electron doping, "ingap states" may be formed within the band gap in a nontrivial manner, and the chemical potential may be positioned within the gap. If this is the case, the chemical potential jump would become smaller than the band gap. In high-T c superconductors (HTSCs), this issue has been controversial for a long time [1] [2] [3] [4] . So far, although chemical potential shifts as functions of carrier dopings in HTSCs have been studied in various systems [3, [5] [6] [7] [8] [9] [10] , those studies have been made either on the hole-doped side or on the electron-doped side and have not been able to unambiguously address the question of the chemical potential jump between the holedoped and electron-doped HTSCs. This is because, unlike some conventional semiconductors, one has not been able to dope both holes and electrons into the same parent Mott insulator. Hence, the study of the chemical potential jump in HTSCs has been performed in a rather indirect way of comparing different materials, namely, the hole-doped system La 2−x Sr x CuO 4 (LSCO) and the electron-doped system Nd 2−x Ce x CuO 4 (NCCO). As a result, the chemical potential jump between La 2 CuO 4 (LCO) and Nd 2 CuO 4 (NCO) has been found to be negligibly small or as small as ∼0.15-0.4 eV from the core-level X-ray photoemission spectroscopy (XPS) [7] or valenceband photoemission spectroscopy studies [2, 11] . Angleresolved photoemission spectroscopy (ARPES) studies showed that the chemical potentials in LCO and NCO are located above the Zhang-Rice singlet (ZRS) band maximum by ∼0.4 eV [12, 13] and ∼1.2 eV [14] , respectively, implying a chemical potential jump in the range of 0.8 eV. According to optical studies [15, 16] , on the other hand, the band gap of LCO and NCO are found to be as large as ∼2.0 eV and ∼1.5 eV, respectively, meaning that the chemical potential jump is much smaller than the optical gaps. These results suggest that some electronic states may be formed within the optical gap upon carrier doping and pin the chemical potential. [17] , where some of the Y and Ba ions in YBa 2 Cu 3 O y (YBCO) are replaced by La ions, maintaining the same crystal structure as YBCO. Owing to the large in-plane lattice constant compared with that of YBCO, one can dope the system not only with holes but also with electrons through varying the oxygen content. In this Letter, we report on a core-level XPS study of hole-and electron-doped YL-BLCO. The observed chemical potential jump between them is found to be ∼0.8 eV, much smaller than the reported optical gap of 1.4-1.7 eV of insulating YBCO [18, 19] . We shall discuss the origin of the difference between the optical gap and the chemical potential jump.
High-quality single crystals of YLBLCO were grown by the flux method. Details can be found in Ref. [17] . An electron-doped sample (y = 6.22) and hole-doped samples (y = 6.70, 6.80, and 6.95) were prepared. Their carrier concentrations in the CuO 2 plane were 1%, 0.3%, 3%, and 7%, respectively, according to Hall-effect measurements. The changes in the carrier concentration are much smaller than those expected from the changes in y probably because most of holes are removed from or enter the Cu-O chains. The XPS measurements were performed using the Mg Kα (hν = 1253.6 eV) line and a SCIENTA SES-100 electron-energy analyzer. The total energy resolution was ∼0.8 eV. However, owing to the highly stable power supply of the analyzer, it was possible to determine the binding energy shifts with the accuracy of ∼50 meV. Samples were cleaved in situ under an ultrahigh vacuum of 10 −10 Torr to obtain clean surfaces. We measured spectra at different temperatures and found that the spectra of the y = 6.22 and y = 6.70 samples, which had high electrical resistivities, were shifted to higher binding energies with decreasing temperature. We attributed these shifts to the charging effect and, therefore, we used only the spectra at ∼ 250 K for these samples. For the y = 6.80 and y = 6.95 samples, on the other hand, we found no charging effect down to ∼ 80 K, and, therefore, we used spectra taken both at ∼100 and at ∼250 K, as shown in Fig. 1(a) . In fact, the observed temperature-dependent shifts for these samples were in the opposite direction to what would be expected for the charging effect and should reflect the intrinsic temperature dependence of the chemical potential in the hole-doped compounds [20] . The 4f core level of gold was used to determine the Fermi level (E F ) position before and after each set of measurements.
Figure 1(b)-(g) shows the core-level XPS spectra of the electron-doped y = 6.22 and hole-doped y = 6.70 YLBLCO samples taken at 250 K. In Fig. 1(g) , the main peak of the Cu 2p 3/2 spectrum (corresponding to 2p 5 3d 10 L final states, where L represents a ligand hole) is located at −933.5 eV close to those of LCO and NCO in the previous studies [21] [22] [23] . The main peak width for the y = 6.22 sample is narrower than that for the y = 6.70 sample. Since the main peak of Cu + is known to be sharper than that of Cu 2+ , the variation of the peak width is attributed to the replacement of Cu 2+ by Cu + . Also, the intensity of the charge-transfer satellite around −943 eV (2p 5 3d 9 final state) for y = 6.22 is weaker than that for y = 6.70. Since the satellite peak has been observed in the Cu 2p XPS spectra of Cu 2+ compounds but not in those of Cu + compounds [24] , the suppression also suggests the replacement of Cu 2+ by Cu + . These results indicate that electrons are indeed doped into the system. The large change in the Cu valence for a small change in the carrier concentration of the CuO 2 plane indicates that the holes doped by oxygen are localized in the Cu-O chain. The XPS spectra of the Y 3d, La 3d, O 1s, Ba 3d, and Ba 4d core levels of the y = 6.22 sample are shifted to higher binding energies than those of the y = 6.70 sample nearly by the same amount. As for the Ba 3d, Ba 4d, and Cu 2p core levels, their line shapes change with y, indicating that it is difficult to estimate the chemical potential shift using these core-level spectra. Therefore, the Y 3d, La 3d, and O 1s core levels are more suitable for estimating the chemical potential shift. Figure 2 (a) summarizes the energy shift ∆E of each core level relative to that of the y = 6.70 YLBLCO sample. We have estimated the core-level shifts using both the peak position and the low binding energy side of the peak for each core level to check internal consistency. While the Y 3d, La 3d, and O 1s core levels show similar shifts, the Cu 2p, Ba 3d, and Ba 4d core levels show different shifts, due to the changes in the spectra-line shapes as shown in Fig. 1 . When the band filling is varied, the change in the core-level energy relative to E F , ∆E, is gen- [6] , Bi2Sr2Ca1−x(Pr, Eu)xCu2O 8+δ (Bi2212) [9] , NaxCa2−xCuO2Cl2 (Na-CCOC) [10] , YBCO [25] , and Nd2−xCexCuO4 (NCCO) [7] . Note that the shift for NCCO relative to the hole-doped systems are rather arbitrary [7] .
erally given by ∆E = −∆µ − K∆Q − ∆V M + ∆E R [6, 7] , where ∆µ is the change in the chemical potential, ∆Q is the change in the number of valence electrons on the atom and K is a constant, with −K∆Q presenting the socalled chemical shift, ∆V M is the change in the Madelung potential, and ∆E R is the change in the extra-atomic relaxation energy. When carriers are doped into the CuO 2 plane, K∆Q changes in proportion to the carrier concentration. We observed such a behavior only for Cu 2p 3/2 and could ignore K∆Q for Y 3d, La 3d, and O 1s core levels. ∆V M is negligibly small as in other transitionmetal oxides [26] because the core levels of cations (Y 3d and La 3d) and an anion (O 1s) move in the same direction by the same amount. ∆E R is due to the change in the screening of the core hole potential and, therefore, should be larger for atoms in the metallic CuO 2 plane than for those in the insulating block layers. The same shifts of the Y 3d, La 3d, and O 1s core levels suggest that the ∆E R term is also negligibly small. Indeed, in the previous reports on the chemical potential shift in filling control oxides [6, 7, 10] , the effect of ∆V M and ∆E R could be ignored. Therefore, we consider that the core-level shifts of Y 3d, La 3d, and O 1s reflect the chemical potential shift ∆µ, and ∆µ for YLBLCO has been estimated from the average of the Y 3d, La 3d, and O 1s core-level shifts. Figure 2(b) shows the chemical potential shift of YL-BLCO at 250 K and 100 K thus deduced as well as those of La 2−x Sr x CuO 4 (LSCO) [6] , Nd 2−x Ce x CuO 4 (NCCO) [7] , Bi 2 Sr 2 Ca 1−x (Pr, Eu) x Cu 2 O 8+δ (Bi2212) [9] , Na x Ca 2−x CuO 2 Cl 2 (Na-CCOC) [10] , and YBCO [25] . On the hole-doped side, the behavior of YLBLCO is similar to those of Bi2212, Na-CCOC, and YBCO, but is different from that of LSCO. This difference has been attributed to the small next-nearest-neighbor hop- [12] [13] [14] . The magnitude of the direct gap was estimated from optical studies [15, 16] . For YLBLCO, the maximum position of the ZRS band relative to the chemical potential is assumed to be the same as those of lightly-doped LSCO and Na-CCOC [12, 13, 27] . The direct gap of YL-BLCO is estimated from the optical studies of YBCO [18] and PrBa2Cu3Oy [19] .
ping t ′ or stripe effects in LSCO as discussed previously [6, 28, 29] , indicating that YLBLCO has no effect of small t ′ or stripes. Between the hole-doped and electron-doped sides of YLBLCO, a chemical potential jump of ∼0.6 eV is observed at 250 K. However, since a chemical potential shift of ∼0.1 eV was observed between 250 K and 100 K in some hole-doped samples, the chemical potential jump would be larger at low temperatures. If the temperature dependent shift is symmetric between the electron-doped and hole-doped sides, the chemical potential jump in YLBLCO at 100 K would be estimated to be larger than that at 250 K by ∼0.2 eV, that is, ∼0.8 eV. This value is small compared with the gap (∼1.4-1.7 eV) estimated from the optical studies [18, 19] , but is comparable to the activation gap (∼ 0.9 eV) determined from high-temperature transport [30] . The chemical potential jump of YLBLCO is somewhat larger than that estimated for LCO and NCO from the core-level XPS study [7] and from the energy difference of the band structure (∼0.3 eV) [31] . On the other hand, the energy difference between the ZRS band maximum and the Fig. 3 . The energy difference of ∼0.4 eV between the VBM and the chemical potential for LCO has been attributed to a polaronic effect [32, 33] , which shifts the (multi-phonon) peak in energy distribution curves toward higher binding energies through the Frank-Condon principle. We should also note that the minimum charge-transfer gap is not a direct gap which was detected in the optical studies but an indirect one as demonstrated by resonant inelastic X-ray scattering experiments [34] combined with extended Hubbard-model calculation [35] , according to which the indirect gap from k ∼ (π/2, π/2) to ∼ (π, 0) is found to be smaller than the direct one ∼ (π/2, π/2).
In conclusion, we have performed core-level XPS measurements of YLBLCO in order to study the chemical potential jump between the hole-doped and electron-doped sides. Unlike the case of LCO and NCO, the YLBLCO results yield the true chemical potential jump between the hole-and electron-doped HTSCs. The deduced chemical potential jump (∼0.8 eV) is much smaller than that of the optical gap (∼1.4-1.7 eV), but is comparable to the activation gap (∼0.9 eV) determined from the hightemperature transport. We attribute the smallness of the jump to the indirect nature of the charge-excitation gap as well as to a polaronic effect on the doped carriers.
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